The ultrastructural features of a recently described inherited lower motor neuron disease were studied in 5 affected pigs. Clinical signs comprised progressive ataxia and paresis of variable severity. Affected pigs, 6, 7, 15, 15, and 19 weeks of age, and 2 unrelated healthy pigs, 9 and 15 weeks of age, were anesthetized and their tissues were fixed by whole body perfusion with mixed aldehydes. From 1 or more affected pigs, samples of cervical and lumbar spinal ventral horn, lateral and ventral spinal columns, dorsal and ventral lumbar spinal nerve roots, 2 peripheral nerves (Nn. phrenicus and fibularis communis), and 2 skeletal muscles (Mm. diaphragma and tibialis cranialis) were examined ultrastructurally. There was widespread degeneration of myelinated axons in peripheral nerves and in lateral and ventral columns of lumbar and cervical segments of spinal cord. Axonal degeneration was present in ventral spinal nerve roots and was absent in dorsal spinal nerve roots sampled at the same lumbar levels. Unmyelinated axons in peripheral nerves and spinal nerve roots were unaffected. In 4 of 5 affected pigs, there were atrophic alpha motor neurons in cervical spinal cord that contained dense, round osmiophilic perikaryal inclusions up to 4 µm in diameter and round swollen mitochondria. Axonal regeneration was present in N. phrenicus of the 19-week-old affected pig that had clinical signs of longest duration (10 weeks). There was no morphologic evidence of axonal degeneration or spinal neuronal atrophy in either control pig. The ultrastructural features of this motor neuron disease distinguish it from other reported progressive spinal neuropathies of pigs.
Motor neuron diseases in animals have been rec-lished data). An inbred colony of pigs descended from ognized with increased frequency in the past de-3 litters in the Devon herd was maintained for 8 years cade. 7, 9, 13, 22, 28, 29, 36, 42, 44, 50 These entities are of consider- (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) at the Central Veterinary Laboratory able comparative interest because similar diseases, such (CVL) in Weybridge, England. A summary of clinical, as amyotrophic lateral sclerosis (ALS), occur in humans where they follow a chronic, progressive, debilitating, and generally fatal clinical course. 33 Electron genetic, and morphologic data arising from work at the CVL was published. 52 To ensure survival of the colony, in late 1991 2 sows and a boar were sent by airfreight microscopic studies of motor neuron diseases in from the CVL to the Wyoming State Veterinary Labanimals 1, 6, 8, 9, 13, 19, 22, 28, [34] [35] [36] 42, 44, 47, 50 and humans 5, 21, 24, 26, 37, 38 oratory (WSVL) , where a new breeding colony was are helpful in characterizing the sequence of degener-established with the support of the Muscular Dystroative changes in lower motor neurons and their neurites and in providing insights of their pathogenesis. 1, 16, 33 In 1983, a distinctive locomotor disorder of wean-phy Association. Details of clinical signs in 2 litters of affected pigs and a description of pathologic changes in an 83-day-old paretic pig with typical clinical signs of the disorder were published recently. 39 Findings were ling pigs was identified on a commercial farm in Dev-also reported of an immunocytochemical study using on, England (G. A. H. Wells and L. J. Lund, unpub-anti-ubiquitin antibodies on sections of spinal cord from affected pigs. 40 the basis of this study (Table 1) . All pigs were born at the CVL colony except for pig 5, which was born in 1992 in the WSVL colony. Details of clinical signs in pig 5 and her littermates were published recently. 39 The 6 CVL-born pigs were sedated with azaperone, a injected with adrenaline h and hepariq c and anesthetized with pentobarbitone sodium. d They were perfused immediately via the heart with physiological saline, followed by a mixture of 5% glutaraldehyde and freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer using a mechanical pump.
The affected WSVL-born pig was sedated with azaperone, e followed by zylazine f and a mixture of tiletamine and zolazapan. g Immediately before perfusion via the proximal (intrathoracic) aorta, heparin h (100,000 IU) was injected into the left ventricle and a lethal dose of pentobarbitone sodium was injected into an ear vein. Perfusion using a mechanical pump was with 0.1 M phosphate buffer followed by a mixture of freshly prepared 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer.
Following storage in a glutaraldehyde solution at 4 C, samples of lumbar and cervical spinal cord, spinal nerve roots, peripheral nerves, and skeletal muscles (Table 1) were diced, postfixed in osmium tetroxide, dehydrated through an ethyl alcohol-propylene oxide series, and embedded in epoxy resin. To improve secondary fixation of myelin, most diced tissues were immersed in either Dalton's solution 10 or a mixture of osmium tetroxide-1.5% potassium ferricyanide 32 before dehydration. Oriented sections (cross or longitudinal sections or both) of spinal nerve roots, peripheral nerves, skeletal muscles, spinal cord white matter, and spinal ventral horn were cut at 1 µm and stained with toluidine blue. Ultrathin (70-90 nm) sections were contrasted with uranyl acetate and lead citrate and examined using an electron microscope.
Results
Features indicative of poor perfusion, 23,27 such as discontinuous membranes and blood cells in vessels, were rare, and the quality of tissue fixation was good. As is common in otherwise well-fixed whole-body perfused large animals, many myelin sheaths of mediumand large-caliber axons in spinal cords and peripheral nerves were disordered and swollen (e.g., Figs. 4, 6a) .
Distinctive abnormalities occurred in many alpha motor neurons in ventral horn in 4 of the 5 affected pigs. Perikarya, dendrites, and proximal axonal segments contained round osmiophilic inclusions up to 4 µm in diameter and markedly swollen mitochondria ( Fig. 1 ). Neurons that contained inclusions were smaller than adjacent normal neurons and had a central or eccentric nucleus with an irregular nuclear envelope and a disproportionately large nucleolus. The endoplasmic reticulum (Nissl substance) was reduced and dispersed. Osmiophilic inclusions in neurons lacked a limiting membrane, had an electron-dense perimeter of varying thickness and contained internal patches of high electron density (Fig. 2) . Perikaryal mitochondria were vesicular with a flocculent matrix and had reduced numbers of cristae ( Fig. 3 ). Identifiable cristae were abnormally long or branched or in distinctive circular or parallel configurations. Some swollen mitochondria contained electron-dense round granules up to 180 nm in diameter. Swollen mitochondria were also present in dendrites and in swollen myelinated axons of the spinal ventral horn (Fig. 4) , and they were absent in spinal cord white matter, spinal nerve roots, and peripheral nerves. A small proportion of spinal ventral neurons were shrunken with condensed cytoplasmic matrix and degenerate organelles. Inconsistent abnormal features in alpha motor neurons of affected pigs were large concentric arrays of endoplasmic reticulum, glycogen-like material in aggregates, some of which were membrane bound, and groups of empty orthogonal spaces in perikarya that suggested extraction of material during tissue processing. No structures indicative of viruses or of viral subunits were seen. Neurofilamentous accumulations were absent. No abnormalities were found in the 2 levels of ventral horn (C8 and L1-4) that were examined from affected pig 5.
In lateral and ventral columns of lumbar and cervical spinal cord there was evidence of extensive axonal degeneration and its sequelae. The preeminent feature was the presence of macrophages, often in rows, internal to myelin sheaths ( Fig. 5 ). Remaining myelinated axons were normal.
Evidence of axonal degeneration was widespread in myelinated axons in main trunk and intramuscular nerves, and similar changes occurred in ventral but not in dorsal spinal nerve roots. Unmyelinated axons were not affected. In contrast to normal myelinated axons ( Fig. 6 above) , axons undergoing acute axonal degeneration lacked normal neurofilaments, and the axolemma was either partly or completely disrupted ( Fig. 6  below) . Different stages of Wallerian degeneration occurred simultaneously in individual levels of peripheral nerves and spinal nerve roots. These comprised swelling and disappearance of axons, myelin and lipid accumulation in Schwann cells and to a lesser extent in endoneurial macrophages, Bünger band formation, and atrophy of Schwann cells (Fig. 7 ). An additional feature, found only in pig 5, was the presence of small clusters of axons, some undergoing myelination, within Bünger bands. The presence of a single enveloping basal lamina with multifocal areas of redundancy and of myelin debris in Schwann cells associated with these unmyelinated and thinly myelinated axons was interpreted as evidence that these were regenerative axonal clusters (Fig. 8) .
Skeletal muscle fibers were small, lacked a faceted plasmalemma, and contained nuclei with an irregularly scalloped nuclear envelope. There was endomysial thickening due to increased collagen and proliferated reactive fibrocytic cells. Terminal axons were absent in some neuromuscular endplates, resulting in Schwann cells that rested on a flattened synaptic gutter. Muscle spindles were normal.
Significant changes were absent in the spinal ventral horn and skeletal muscles of both control pigs. Some inappropriately thinly myelinated axons occurred in both nerves studied from the older (15-week-old) pig. Axonopathic changes, including evidence of Wallerian degeneration, were absent in both control animals. 
Discussion
The distribution and severity of degenerate changes in the spinal cord, ventral spinal nerve roots, and peripheral nerves in affected pigs were consistent with clinical signs of paresis and ataxia. An earlier light microscopic study based on immersion-fixed tissues from 1 affected pig found similar changes in both central and peripheral nervous systems. 39 All affected pigs had evidence of degeneration and loss of myelinated axons in peripheral nerves. Similar axonopathic changes were absent in the peripheral nerves of both control pigs. The presence of some inappropriately thinly myelinated fibers in 1 of the 2 control pigs is interpreted as a normal remodelling process, similar to that documented in the peripheral nerves of dogs over a wide age range that lacked clinical signs of neurologic disease. 3 The sequence of events in peripheral nerves and ventral spinal nerve roots following axonal degeneration, such as degradation of myelin, ingress of macrophages, Schwann cell proliferation (Büngner band formation), and phenotypic changes in Schwann cells, was identical to that in peripheral nerves distal to a site of neurectomy. 12, 29 There was no evidence that degeneration involved unmyelinated fibers. The restriction of axonal degeneration to ventral (motor) spinal nerve roots is consistent with clinical signs of lower motor neuron disease. Results from a study of teased nerve fibers using an established grading system 12 to identify and quantitate degeneration in peripheral nerves (G. A. H. Wells and S. A. C. Hawkins, unpublished data) support the present ultrastructural findings that axonal degeneration and loss are the principal changes in peripheral nerves. Four of 5 affected pigs had evidence of degenerate lower motor neurons in the cervical spinal cord. In addition to atrophy and necrosis, some neurons contained abnormal electron-dense inclusions in perikarya and dendrites. Mitochondria1 swelling was found in alpha motor neurons that also contained abnormal osmiophilic inclusions. Mitochondria1 swelling is a wellrecognized artifact of autolysis 23 and poor fixation 27 but it is doubtful that the mitochondria1 change seen in pigs was an artifact. All animals in this study were subjected to whole-body perfusion fixation with mixed aldehydes, and tissue preservation was in other respects good. Mitochondria1 swelling was found in only a proportion of alpha motor neurons and was absent in other cell types in the spinal cord such as astrocytes, oligodendroglia, macrophages, endothelium, pericytes, and fibrocytes. The presence of mitochondria1 swelling in otherwise well-fixed material is 1 criterion for identifying primary mitochondrionopathies in humans. 2 Mitochondria1 disorders most commonly involve skeletal muscles and the central nervous system, which are largely dependent on a mitochondria1 energy supply and contain a high proportion of postmitotic terminally differentiated cells.43 At least 8 mitochondria1 encephalomyopathic diseases, such as Leigh's syndrome, are recognized in humans, 18,45 but none selectively involve anterior horn neurons. The genetic basis of these conditions includes point mutations in mitochondrial DNA (mtDNA), particularly of tRNA genes, multiple large-scale rearrangements or deletions of mtDNA, depletion in mtDNA, and defects in nuclear DNA genes that code for mitochondria1 proteins. 53 Depending on the nature of the genetic defect, inheritance of mitochondria1 encephalomyopathies may be maternal, autosomal dominant, autosomal recessive, or sporadic. 53 Approximately 20% of human cases have clinically apparent peripheral neuropathy, with the most distinctive changes in Schwann cells of unmyelinated fibers. 43 In addition to the presence of ragged red fibers detected in trichrome-stained cryostat sections of skeletal muscles, lesions in the central nervous system (including status spongiosis, neuronal degeneration, multifocal cerebral necrosis in midline structures, and demyelination) vary in severity, topographic distribution, and time of onset. 45 Intramitochondrial paracrystalline arrays, which occur in some of these encephalomyopathies, 18 were absent in affected pigs. Mitochondria1 swelling may also occur secondary to a range of nutritional, toxic, hypoxic, and endocrinologic stresses. 46 Primary mitochondrial dysfunction in neurons has not to our knowledge been imputed in the pathogenesis of lower motor neuron diseases in animals or humans. Mitochondrial paracrystalline arrays occur in hepatocytes of some human patients with ALS, 14 but their significance is unknown. Abnormal mitochondria were reported in the muscles of Simmental cattle with a multifocal symmetrical encephalomyopathy 15 that has similarities to Leigh's subacute necrotizing encephalomyelopathy. 18 The hypothesis that degeneration in lower motor neurons of affected pigs is the result of primary or secondary mitochondrial dysfunction is attractive and may merit additional study. No perikaryal abnormalities, including osmiophilic inclusions and mitochondrial swelling, were detected in alpha motor neurons in 1 of the 5 pigs studied, possibly because of restricted tissue sampling inherent in electron microscopic studies such as this, the clinical stage of disease, or the use of a different perfusion fixation protocol.
The osmiophilic intraneuronal inclusions detected in motor neurons probably contain lipid, 27 but their significance was not established. Lipid droplets accumulate in muscle fibers of humans with mitochondrial encephalomyopathies because of impaired intermediate metabolism. 2 Recently, mice homozygous for a motor neuron degeneration trait (Mnd) were shown to have a generalized proteolipid proteinosis (ceroid lipofuscinosis). 4 The lipid-like inclusions in pigs do not resemble the complex membrane-bound fingerprint or laminated stacks that characterize proteolipid proteinosis in the Mnd mouse, 4 inbred South Hampshire sheep, 29 and most forms of Batten's disease in humans. 48 Granular osmiophilic deposits, similar to those in the present study, are the predominant inclusion found in neurons and other cells in the infantile form of Batten's disease. 4, 48 Definitive immunocytochemical and fluorescent microscopic studies that would resolve the nature of these osmiophilic inclusions in pigs, including their resemblance to the intraneuronal deposits of Batten's disease that contain abnormal quantities of the lipid-binding subunit of mitochondrial ATP synthase, 4,41 have not been performed.
A feature of many progressive motor neuron diseases, including reported outbreaks in Yorkshire 22 and Hampshire 36 pigs, is the presence of excessive neurofilaments in swollen alpha motor neurons and their proximal internodes. [5] [6] [7] 13, 19, [24] [25] [26] 42, 44, 47, 51 Neurofilamentous accumulations were not a feature of abnormal perikarya of affected pigs in this study. Other reported ultrastructural features of degenerating lower motor neuron diseases in other species, such as chromatolysis, 29 dilated endoplasmic reticulum, 1 virus particles, 19, 30 and zebra, 28 Bunina, 24, 49 and basophilic 33 bodies, were also absent in affected pigs. Sparse round eosinophilic perikaryal inclusions with a halo (Bunina body-like 24, 38, 49 ) were found in atrophic alpha motor neurons of an affected pig in an earlier study, 39 but perhaps because of their rarity, nothing that might correspond to these inclusions was seen ultrastructurally. Eosinophilic perikaryal inclusions also occur in spinal motor neurons of paretic horses, 7 but ultrastructurally these lack the morphologic stigmata of human Bunina bodies. 8 Comparison with other reported paretic diseases of young pigs 11 is hampered by the absence of published ultrastructural studies. In 1938, a locomotor disorder of Large White pigs, inherited as a homozygous recessive trait (recumbent piglet trait), was reported from the Soviet Union. 31 Most affected pigs died at 6 weeks of age, but a few survived as long as 5.5 months. Morphologic studies were limited to light microscopic examination of tissues from 3 affected pigs. Mild changes of a degenerative-atrophic character were detected in spinal ventral horn neurons and in some motor nuclei of the cranial nerves. The relationship of the recumbent piglet trait to the disease in these affected pigs is unknown.
In 1 of 5 affected pigs, there was extensive nerve fiber regeneration in the phrenic nerve. Because this pig was the oldest pig examined, with clinical signs of longest duration (10 weeks), nerve fiber regeneration may be a relatively late stage event in the disease. Regenerative axonal clusters were also found in the peripheral nerves of 2 affected pigs, ages 27 and 30 weeks (D. O'Toole, unpublished data), suggesting that this phenomenon may be a more general feature of those pigs that survive for extended periods. There was no clinical evidence that nerve fiber regeneration resulted in amelioration of neurologic disease. Nerve fiber regeneration is a feature of other motor neuron diseases, such as in ALS patients, 21 the wobbler mutant mouse, 34, 35 and paretic horses. 7 A retrograde axonal transport study of wobbler mouse motor neuron disease demonstrated that regeneration was sustained by degenerate (vacuolated) lower motor neurons rather than a response to focal axonopathy. 34 The source of regenerating axons in the pig with axonal sprouts was not established.
In summary, ultrastructural examination of perfusion-fixed tissues of pigs with this paretic disease revealed evidence of significant degenerate changes in lower motor neurons, lower (motor) spinal nerve roots, and myelinated axons of peripheral nerves and of ventral and lateral spinal columns. The presence of lipidlike inclusions and mitochondrial swelling in perikarya of alpha motor neurons of some affected pigs may indicate an underlying defect of lipid and/or mitochondrial metabolism.
